A technique is described for performing two -dimensional (2 -D) space-variant operations using two acousto -optic modulators (AOM's) operating in a crossed fashion. A time -integrating detector performs the appropriate summation of output terms for the spatially sampled input.
Introduction
The 2 -D space-variant operation is represented by the 2 -D superposition integral g(x,y) = IÌ f(,n)h(x,y ;,n)ddn and for discrete data by the double sum N M g(xi,yj) = I f(En,flm)h(xiyj ;Cnnm), i= 1,...,I j= 1,...,J n=1
These equations represent a general mapping from the 2 -D input coordinate system (,n) to the 2 -D output coordinate system (x,y).
Different techniques have been used to optically perform 2 -D space-variant processing and are described by Walkup',Rhodes2, and Goodman.3
The system described in this paper utilizes two AOM's oriented at 90° with respect to each other in order to modulate a laser beam and direct it to any point in the 2 -D output plane. By scanning the input plane, it is possible to map each input point to any point or set of points in the output plane.
The amplitudes of the output points can be controlled and, by adding a reference beam and using holographic recording, it would also be possible to represent bi -polar numbers.
With a multi-channel system, complex number operations would be possible.
Theory
Consider a 2 -D input that is made up of discrete points (pixels). This input may be scanned by a laser in a raster fashion and can then be thought of as being represented by a 1 -D time series.
The input is thus changed from having two spatial dimensions to only being a function of time. By reducing the image in this fashion, it is possible to serially process the 2 -D information with AOM's.
A comprehensive review of the characteristics of AOM's can be found in the first three chapters of Berg and Leek and in the book by Sapriel.5 For the purpose of this paper, the AOM will be thought of as a device that changes an electrical signal into a laser beam diffraction pattern.
The relationship between the angle of diffraction and the input signal is given by
where e is the angle between the zero order beam and the first order beam, X is the wavelength of the laser, and A is the wavelength of the acoustic wave in the material (see Fig.   1 ).
Putting this in terms of acoustic frequency yields sin e = è f, (3) where v is the velocity of the acoustic wave traveling through the medium. This is determined experimentally and is given in the specifications for the device.6 For the AOM used
Introduction
The 2-D space-variant operation is represented by the 2-D superposition integral
and for discrete data by the double sum
These equations represent a general mapping from the 2-D input coordinate system (£,n) to the 2-D output coordinate system (x,y). Different techniques have been used to optically perform 2-D space-variant processing and are described by Walkup 1 ,Rhodes 2 , and Goodman. 3
The system described in this paper utilizes two AOM's oriented at 90° with respect to each other in order to modulate a laser beam and direct it to any point in the 2-D output plane. By scanning the input plane, it is possible to map each input point to any point or set of points in the output plane. The amplitudes of the output points can be controlled and, by adding a reference beam and using holographic recording, it would also be possible to represent bi-polar numbers. With a multi-channel system, complex number operations would be possible.
Consider a 2-D input that is made up of discrete points (pixels). This input may be scanned by a laser in a raster fashion and can then be thought of as being represented by a 1-D time series. The input is thus changed from having two spatial dimensions to only being a function of time. By reducing the image in this fashion, it is possible to serially process the 2-D information with AOM's.
A comprehensive review of the characteristics of AOM's can be found in the first three chapters of Berg and Lee 1* and in the book by Sapriel. 5 For the purpose of this paper, the AOM will be thought of as a device that changes an electrical signal into a laser beam diffraction pattern. The relationship between the angle of diffraction and the input signal is given by
where 9 is the angle between the zero order beam and the first order beam, X is the wavelength of the laser, and A is the wavelength of the acoustic wave in the material (see Fig.  1 ). Putting this in terms of acoustic frequency yields
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Combining Eqs. (3) and (4) and solving for d yields
Since only small angles are involved, Eq. (5) can be written as
This gives a linear relationship between the frequency and the position of the diffracted laser beam. F, X, and v are determined by the particular equipment being used and therefore remain constant.
Changes in frequency are thus proportional to changes in position, i.e.
Ad F
Af .
(6)
This is the relationship that will be used in this paper. For the equipment used, the maximum error between Eqs. (5) and (6) is approximately 0.04 %. The magnitude of the light transmitted is proportional to the magnitude of the rf signal in the AOM. This is due to a higher optical efficiency at higher power levels.
Consider an input image made up of NxM pixels, and a scan time such that the laser dwells at each pixel for the time ts. Then the total scan time will be NMt .
If the output plane is made up of IxJ points, the input pixel scan time (ts) must be tong enough to allow for the mapping of each one of the output points. Therefore ts > IJto (8) where t is the length of time during which one input pixel is mapped into one output pixel. This win_ usually be determined by the type of detector used.
If the number of mappings is less than NM, then is is given by to times the maximum number of mappings that are to occur.
The scanning of the input image is synchronized with the AOM's so that each input pixel, f(n,r1m), sees the entire 2 -D point spread function h(x.,y.;En,pm). Time integrating detectors are used to realize Eq. Geometry of diffracted beam.
Also in Fig. 1 , the relationship between the off-axis distance (d) and the distance from the AOM (F) is tan9 = 1.
Since only small angles are involved, Eq. (5) can be written as FXf (6) This gives a linear relationship between the frequency and the position of the diffracted laser beam. F, X, and v are determined by the particular equipment being used and therefore remain constant. Changes in frequency are thus proportional to changes in position, i.e. Ad F -Af .
This is the relationship that will be used in this paper. For the equipment used, the maximum error between Eqs. (5) and (6) is approximately 0.04%. The magnitude of the light transmitted is proportional to the magnitude of the rf signal in the AOM. This is due to a higher optical efficiency at higher power levels.
Consider an input image made up of NxM pixels, and a scan time such that the laser dwells at each pixel for the time t g . Then the total scan time will be NMt . If the output plane is made up of IxJ points f the input pixel scan time (t g ) must be long enough to allow for the mapping of each one of the output points. Therefore IJt (8) where t is the length of time during which one input pixel is mapped into one output pixel. This will usually be determined by the type of detector used. If the number of mappings is less than NM, then t s is given by to times the maximum number of mappings that are to occur.
The scanning of the input image is synchronized with the AOM's so that each input pixel, f(£ n ,nm )/ sees the entire 2-D point spread function h(x.,y.;£ n ,nm) Time integrating detectors are used to realize Eq. (Ib) with crossed AOM^s. System Description Figure 2 shows a block diagram of the general system. The computer controls both the horizontal and vertical voltage -controlled -oscillators (VCO's) and also the scanning system. If the image is stored as digital information in the computer, a shutter or Q-switch can replace the 2 -D scanner and the input image shown in Fig. 2 .
The laser beam is directed into the AOM's by the first set of optics and is diffracted in two dimensions. Figure 3 characterizes the resulting diffraction pattern.
The first order crossed point is the output point of interest. The output can be plotted one point at a time (point -to -point processing) or, if a collimated input beam is used, it is theoretically possible to have several frequencies sequentially presented to the modulator at one instant of time (one -to -many point processing).
The second set of optics controls the size of the image at the output plane. Depending upon the nature of data being processed, the output can be recorded on film, a CCD array, or a photodetector. By using the temporal integrating and summing properties of a hologram placed in the output plane, it is possible to regain the identical processor output that would have arisen from the spatial encoding technique.7
Experiment and Results
A proof -of-principle experiment was designed to test this technique. Figure 4 shows the 3x3 input, the desired 3x3 output, and the point spread functions used to arrive at the output.
The value in each of the boxes is a relative magnitude. To realize the output shown in Fig. 4 , each input point is mapped into a maximum of two output points. Table 1 gives the required input to output mappings, and The output can be plotted one point at a time (point-to-point processing) or, if a collimated input beam is used, it is theoretically possible to have several frequencies sequentially presented to the modulator at one instant of time (one-to-many point processing) .
The second set of optics controls the size of the image at the output plane. Depending upon the nature of data being processed, the output can be recorded on film, a CCD array, or a photodetector. By using the temporal integrating and summing properties of a hologram placed in the output plane, it is possible to regain the identical processor output that would have arisen from the spatial encoding technique. 7
A proof-of-principle experiment was designed to test this technique. Figure 4 shows the 3x3 input, the desired 3x3 output, and the point spread functions used to arrive at the output. The value in each of the boxes is a relative magnitude. To realize the output shown in Fig. 4 , each input point is mapped into a maximum of two output points. Table 1 gives the required input to output mappings, and Fig. 5 shows a time scale that relates the h(x jf yj-,2 f 2)
.,. input to output points. Figure 6 shows an example of how Eq. (lb) is physically utilized. This method of using the superposition integral is called back projection and is described in Glaser's paper.8 input to output points. Figure 6 shows an example of how Eq. (Ib) is physically This method of using the superposition integral is called back projection and is in Glaser's paper. 8
utilized, described Figure 6 . Example of backprojection.
Digital logic was designed to control the mechanical shutter and the two VCO's that drive the AOM's. Two measurements were made with the equipment layout shown in Fig. 7 . Figure 8 shows the relative magnitude of the light intensities measured at the different points of the output plane. Each value is compensated for changes in AOM efficiency with the change in frequency. This effect was probably due to an impedance mismatch between the VCO's and the AOM's. 
Discussion
As can be seen from the results in Fig. 8 , the measured output was approximately the desired ouput shown in Fig. 4 .
The difference in the measurements is attributed to measurement error. A point -to -point process was used here as the particular VCO used (Motorola MC 1648P) was not capable of switching frequencies fast enough for one -to -many point processing. Also the total processing time was slow because of the particular VCO's Digital logic was designed to control the mechanical shutter and the two VCO's that drive the AOM's. Two measurements were made with the equipment layout shown in Fig. 7 . Figure 8 shows the relative magnitude of the light intensities measured at the different points of the output plane. Each value is compensated for changes in AOM efficiency with the change in frequency. This effect was probably due to an impedance mismatch between the VCO's and the AOM's. 
As can be seen from the results in Fig. 8 , the measured output was approximately the desired ouput shown in Fig. 4 . The difference in the measurements is attributed to measurement error. A point-to-point process was used here as the particular VCO used (Motorola MC 1648P) was not capable of switching frequencies fast enough for one-to-many point processing. Also the total processing time was slow because of the particular VCO's used.
For the measurements made, the scan time (t ) was 5.4 secs and to was 300 msecs. In order for real -time processing, high speed VCO's are necessary.
Consider a television frame of 525x525 points changing every 1/30 second,9 then from Eq (8), to must be less than 120 nsecs. Compared with the to used in this experiment, 300 msecs, real -time processing is several orders of magnitude faster, however the experiment described in this paper proves that it is possible to do 2 -D space-variant optical processing with AOM's.
